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Summary. Putrescine, one of the main biogenic amines associated to microbial food spoilage, can be formed by bacteria
from arginine via ornithine decarboxylase (ODC), or from agmatine via agmatine deiminase (AgDI). This study aims to cor-
relate putrescine production from agmatine to the pathway involving N-carbamoylputrescine formation via AdDI (the aguA
product) and N-carbamoylputrescine amidohydrolase (the aguB product), or putrescine carbamoyltransferase (the ptcA prod-
uct) in bacteria. PCR methods were developed to detect the two genes involved in putrescine production from agmatine.
Putrescine production from agmatine could be linked to the aguA and ptcA genes in Lactobacillus hilgardii X1B,
Enterococcus faecalis ATCC 11700, and Bacillus cereus ATCC 14579. By contrast Lactobacillus sakei 23K was unable to
produce putrescine, and although a fragment of DNA corresponding to the gene aguA was amplified, no amplification was
observed for the ptcA gene. Pseudomonas aeruginosa PAO1 produces putrescine and is reported to harbour aguA and aguB
genes, responsible for agmatine deiminase and N-carbamoylputrescine amidohydrolase activities. The enzyme from P. aerug-
inosa PAO1 that converts N-carbamoylputrescine to putrescine (the aguB product) is different from other microorganisms
studied (the ptcA product). Therefore, the aguB gene from P. aeruginosa PAO1 could not be amplified with ptcA-specific
primers. The aguB and ptcA genes have frequently been erroneously annotated in the past, as in fact these two enzymes are
neither homologous nor analogous. Furthermore, the aguA, aguB and ptcA sequences available from GenBank were subject-
ed to phylogenetic analysis, revealing that gram-positive bacteria harboured ptcA, whereas gram-negative bacteria harbour
aguB. This paper also discusses the role of the agmatine deiminase system (AgDS) in acid stress resistance. [Int Microbiol
2010; 13(4):169-177]
Keywords: agmatine · putrescine · agmatine deiminase · N-carbamoylputrescine amidohydrolase · putrescine carbamoyl-
transferase
Introduction
Putrescine, 1,4-diaminobutane, is a polyamine present in
almost all living cells [11]. High putrescine concentrations in
food are strongly correlated to the amino acid decarboxylase
activity of undesirable bacteria. However, low putrescine
levels are considered physiological, as a precursor of sper-
midine and spermine, and consequently play a metabolic
role [36]. Putrescine presence in food is undesirable because
it modifies aroma and flavour [18]. Putrescine content may
be considered as a potential freshness marker or quality
indicator of deterioration in food [8,28]. Moreover, from the
safety standpoint, putrescine increases the adverse effects of
histamine, tyramine and phenylethylamine, because it inter-
feres with the enzymes that metabolise these other amines
[34,35].
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Putrescine can be synthesized either directly from
ornithine by ornithine decarboxylase (ODC, the speC prod-
uct) or indirectly from arginine via arginine decarboxylase
(ADC, the speA product) (Fig 1). ADC converts arginine in
agmatine, then agmatine deiminase (the aguA product) and
N-carbamoylputrescine amidohydrolase (the aguB product)
or putrescine carbamoyltransferase (the ptcA product), biosyn-
thetically converting agmatine to putrescine via the AgDI path-
way (Fig. 1). Naumoff et al. [25] identified a set of genes that
have been erroneously annotated and thus confirmed that two
different enzymes can convert N-bamoylputrescine to putres-
cine. One enzyme converts N-carbamoylputrescine to putrescine
and carbamoylphosphate (the ptcA product), whereas other
enzyme converts N-carbamoylputrescine to putrescine, CO2
and NH3 (the aguB product). Therefore, these enzymes are nei-
ther homologous nor analogous, they are different enzymes.
Agmatine can be used as a precursor of polyamines and
other important metabolites depending on the microorganism
in question [20]. Various groups of bacteria can metabolise
agmatine; however, only a few microorganisms are reported
as able to do so. L-Arginine utilization by Pseudomonas
species was demonstrated by Stalon and Mercenier in 1984
[32]. The presence of the AgDI pathway has been reported in
P. aeruginosa PAO1 [23,24] and E. faecalis ATCC 11700
[30,31]. Moreover, Ivanova et al. [12] reported a putative
agmatine deiminase gene in B. cereus and Arena et al. [4]
also showed putrescine production from agmatine by Lb. hil-
gardii X1B. The effect of different metabolites on putrescine
synthesis in Lb. hilgardii X1B has also been studied [3]. More
recently, an operon encoding enzyme of the AgDS (agmatine
deiminase system) was identified in Streptococcus mutans
UA159 [9].
In the food industry, the detection of biogenic amine-pro-
ducing bacteria is important to avoid poisoning. Therefore,
rapid methods are required for the early detection of these
bacteria. Molecular methods for the detection and identifica-
tion of food-borne bacteria are becoming widely accepted as
an alternative to traditional culture methods. Thus, PCR is
commonly used for the rapid, sensitive, and specific detec-
tion of target genes. PCR techniques targeting bacterial
amino acid decarboxylase genes responsible for biogenic
amine production have been designed previously [6,
15–17,22]. In this study, we developed a molecular tool to
detect putrescine-producing bacteria via AgDI on the basis of
agmatine deiminase and putrescine carbamoyltransferase
gene sequence comparison. The study also reveals there is a
correlation of putrescine production with the presence of the
aforementioned genes.
Materials and methods
Microorganisms. Lactobacillus hilgardii X1B was isolated and identified
from an Argentinean wine [33]. Other bacteria were obtained from the Spanish
Type Culture Collection (CECT): Psudomonas aeruginosa PAO1 (CECT
4122), Bacillus cereus ATCC 14579 (CECT 148T) and Enterococcus faecalis
ATCC 11700 (CECT 5143). Lactobacillus sakei 23K was kindly provided by
Monique Zagorec from the French National Institute for Agronomical Research
(INRA) [5]. Pediococcus parvulus P339 isolated from wine [27] was used as
negative control.
Growth and culture conditions. Lactobacillus hilgardii X1B, Lb.
sakei 23K and Pd. parvulus P339 were grown in MRS broth (Scharlab,
Sentmenat, Spain). Enterococcus faecalis ATCC 11700 was grown in tryp-
tone soya broth containing in g/l: tryptone 15, soya peptone 5, and NaCl 5.
Bacillus cereus ATCC 14579 was grown in Nutrient I, containing in g/l:
beef extract 5, peptone 10, and NaCl 5. Finally, P. aeruginosa PAO1 was
grown in Nutrient II, containing in g/l: beef extract 1, yeast extract 2, agma-
tine 1, peptone 10, and NaCl 5. Culture media were adjusted to pH 6.5 with
1 mM KOH before sterilisation by autoclave at 121ºC for 20 min.
Microorganisms were grown statically at 28ºC. Biogenic amine standards
and the compounds contained in the different media were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).
Putrescine production by resting cells. Cultures were harvested
after 24 h incubation statically at 28ºC. Cells were washed with sodium phos-
phate buffer 0.2 M pH 6.5. Centrifuged cells were resuspended in the same
buffer to OD600 = 0.7. This OD600 of 0.7 corresponds to 3.4 ± 0.4 × 108 cfu/ml
for Lb. hilgardii X1B, 3.2 ± 0.3 × 108 for Lb. sakei 23K,5.65 ± 0.6 × 108 cfu/ml
for E. faecalis ATCC 11700, 1.7 ± 0.2 × 108 cfu/ml for B. cereus ATCC
14579 and 1.87 ± 0.2 × 108 cfu/ml for P. aeruginosa PAO1.
The reaction mixture to determine putrescine formation had the follow-
ing composition in a final volume of 2 ml: 0.5 ml L-agmatine solution (to a
final concentration of 1 g/l); 1 ml sodium phosphate buffer (0.2 M) pH 6.5;
and 0.5 ml cell suspension at 0.7 units of optical density. These compounds
were obtained from Sigma. The mixture was incubated for 8 h at 28 ºC. The
samples were then centrifuged at 13,400 ×g for 3 min at 4ºC, and the bio-
genic amines were immediately detected and quantified in the supernatant.
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Fig 1. Pathways of agmatine metabolism in bacteria: (1) Arginine deiminase.
(2) Ornithine transcarbamylase. (3) Arginine decarboxylase. (4) Agmatine
deiminase. (5) N-carbamoylputrescine amidohydrolase. (6) Putrescine car-
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Biogenic amine determination. HPLC analyses were carried out
with a reverse phase column by using an elution gradient composed of
methanol and phosphate buffer 0.2 M. For analysis, the samples were dilut-
ed with phosphate buffer at 1:10 ratio. Agmatine and putrescine were precol-
umn derivatized with o-phthaldialdehyde (OPA) (Sigma). The reaction solu-
tion consisted of 200 mg OPA in 9 ml methanol, 1 ml 0.4 M sodium borate
pH 10, and 160 μl 2-mercaptoethanol (MCE) (Sigma). OPA and MCE were
prepared 24 h before utilization.
The samples were injected into the HPLC system (Merck-Hitachi,
Darmstadt, Germany) equipped with an L-Intelligent pump (Merck-
Hitachi), AS-2000A Autosampler (Merck-Hitachi), T-6300 column thermo-
stat (Merck-Hitachi) and an L7485 LaChrom fluorescence spectrophotome-
ter (Merck-Hitachi); the excitation wavelength was set at 335 nm, and emis-
sion wavelength was at 450 nm. A 100 RP-18 column, (Merck-Hitachi) (25
cm × 5 µm) was used for the stationary phase with a flow of 1.0 ml/min. The
column was thermostated at 40ºC.
A gradient of solvent A (2.268 g KH2PO4 and 14.968 g Na2HPO4··12H2O
adjusted to pH 5.8 with H3PO4 and filled up with deionized water to 1 litre)
and solvent B (100% methanol) was applied to a 100 RP-18 column (Merck
-Hitachi) (25 cm × 5 µm) as follows: 0–20 min, 40–55% B linear gradient,
1 ml/min; 20–45 min, 55–85% linear gradient, 1 ml/min.
Statistical analysis. The MINITAB Student test was used to validate the
method. Three replicate determinations were carried out for three independent
resting cells. Relative standard deviations for amine concentrations were ≤5%. 
Detection of aguA and ptcA genes. Bacterial DNA for partial
aguA and ptcA gene amplification was obtained by using the Microbial DNA
isolation Kit (MoBio Laboratories). Sequence alignments to design oligonu-
cleotide primers were determined using Mega 4.0, ClustalW2 on EBI
[http://www.ebi.a-c.uk], and BLAST software [1]. To amplify the internal
part of the aguA gene (830 bp) we used the primer pair aguA-F (5´-GAC
TGG AC(AGT) TT(CT) AAG G(GC/CT) TGG GG-3´) and aguA-R (5´-
TG(CT) TG(AG) GT(AG) AT(AG) CA(AG) TG(AG)-3´). To amplify the
internal part of ptcA (350 bp) we used the primer pair ptcA-F (5´-CC(AGT)
GA(AG) (AC)T(AG) TGG A(AC)(AGT) AC(AGC) GG-3´) and ptcA-R (5´-
GG(AG) AA(AG) CGA A(GT)(AG) TCA TA(AG) CAA AT-3´). The ampli-
fication conditions for the aguA-F/aguA-R pair were 5 min at 95°C for
denaturation, and subsequently, 40 cycles at 94°C for 1 min, 1 min at 53°C,
and 72°C for 2 min followed by 10 min at 72°C. The amplification with the
ptcA-F and ptcA-R pair was performed as follows: 5 min at 95°C for denat-
uration and 40 cycles at 94°C for 1 min, 0.5 min at 53°C, and 1 min at 72°C
followed by 10 min at 72°C. The PCR products were separated by gel elec-
trophoresis in a 1.2% agarose gel using Tris-borate EDTA 0.5 M as buffer
system [29]. The gels were analysed after staining with ethidium bromide.
Analysis of the genetic organization of the agmatine
deiminase gene clusters. To design the genetic organization of the
agmatine deiminase gene clusters we referred to the information on
nucleotide sequences available at [http://www.ncbi.nlm.nih.gov] for Lb. hil-
gardii ATCC 8290 (NZ ACGP00000000), E. faecalis V583 (NC 004668),
S. mutans UA159 (NC 004350), Lb. sakei 23K (NC 007576), Lactobacillus
brevis ATCC 367 (NC 008997.1), Pediococcus pentosaceus ATCC 25745
(NC 008525.1) and P. aeruginosa PAO1 (NC 002526). ClustalW2 on EBI
[http://www.ebi.a-c.uk], Microbesonline resources [http://www.microbeson-
line.org] and BLAST programs [1] were used for sequence alignment and to
search similar sequences. 
Evolutionary relationships between bacterial genes
involved in putrescine production from agmatine. The aguA,
aguB, and ptcA sequences, available from GenBank, were subjected to phy-
logenetic analysis. Several reconstruction methods (neighbour-joining and
maximum likelihood) were applied using the BioNumerics V2.5 (Applied
Maths) software package to infer the phylogeny of those genes. Pairwise dis-
tances were calculated with the Mega 4.0 software.
Results
Detection of aguA and ptcA genes. Information about
of nucleotide sequences available in the literature was used to
design the oligonucleotide primer pair to detect the aguA and ptcA
genes. We aligned the nucleotide sequences from P. aeruginosa
PAO1 (NC_002516), Lb. sakei 23K (NC_007576), Streptomyces
avermitilis (NC_003155) and Lactococcus lactis II1403
(NC_002662) to design the primer pair to amplify aguA. Also,
sequence alignment of Bacillus halodorurans C-125 (NC_002570),
Lb. plantarum WCFS1 (NC_004567), L. mesenteroides ATCC
8293 (NZ_AABH00000000) and B. cereus ATCC 10987
(NC_003909) was performed to design primer pairs to detect
ptcA. Two conserved domains of both genes were selected in
SYNTHESIS OF PUTRESCINE
Fig 2. (A) PCR amplification of an aguA gene fragment with primers AguAF
and AguAR. 1 Kb Plus Ladder (Invitrogen) (1, 8), Lb. hilgardii X1B (2),
Lb. sakei 23K (3), E. faecalis ATCC 11700 (4), B. cereus ATCC 14579 (5),
P. aeruginosa PAO1 (6), Pd. parvulus P339 (7) used as a negative control.
(B) PCR amplification of a ptcA gene fragment with primers ptcA-F and
ptcA-R. 1 Kb Plus Ladder (Invitrogen) (1, 8), Lb. hilgardii X1B (2), Lb. sakei
23K (3), E. faecalis ATCC 11700 (4), B. cereus ATCC 14579 (5), P. aerugi-
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each case to design the synthetic primers aguA-F and aguA-R,
which amplified an 830-bp aguA DNAfragment, and the synthet-
ic primers ptcA-F and ptcA-R, which amplified a 350-bp aguB
DNA fragment. When these primers were used, under the condi-
tions described in Material and methods, only the expected 830-
bp and 350-bp fragments were obtained (Fig. 2A,B). However,
annealing temperatures below 53ºC yielded unspecific fragments.
Lactobacillus hilgardii X1B, E. faecalis ATCC 11700, B. cereus
ATCC 14579, P. aeruginosa PAO1 and Lb. sakei 23K showed an
amplification band of the aguA fragment of the expected size,
whereas the negative control (Pd. parvulus P339) did not show
the amplification band (Fig. 2A, Table 1). PCR of ptcA revealed
an amplification band of the expected size for Lb. hilgardii X1B,
E. faecalis ATCC 11700 and B. cereus ATCC 14579. However
P. aeruginosa PAO1, Lb. sakei 23K and the negative control (Pd.
parvulus P339) did not display this band (Fig. 2B, Table 1). 
Putrescine production analyses. The analyses of
putrescine production from agmatine revealed that Lb. hil-
gardii X1B, E. faecalis ATCC 11700, B. cereus ATCC 14579
and P. aeruginosa PAO1 all produced putrescine. However,
Lb. sakei 23K and the negative control were unable to do so
(Fig. 3, Table 1). Figure 3 shows that P. aeruginosa PAO1
produced between 2.5- and 5-fold more putrescine than the
other microorganisms. The amounts of putrescine produced
by the gram-positive bacteria E. faecalis ATCC 11700 and
Lb. hilgardii X1B were similar; both producing twice as
much putrescine as B. cereus CECT 148T. When the micro-
organisms were precultured with agmatine, putrescine pro-
duction increased in all the microorganisms tested (data not
shown), with the highest increase observed in P. aeruginosa
PAO1 followed by Lb. hilgardii X1B, B. cereus CECT 148T and
E. faecalis ATCC 11700, in decreasing order.
LANDETE ET AL.
Table 1. Comparative survey of presence of implicated genes in putrescine production from agmatine and activity in Lactobacillus hilgardii X1B,
Lactobacillus sakei 23K, Enterococcus faecalis ATCC 11700, Bacillus cereus 148T and Pseudomonas aeruginosa PAO1
Microorganism PCR aguA PCR ptcA Putrescine production N-Carbamoylputrescine production References
Lb. hilgardii X1B + + + + [3,4]
Lb. sakei 23K + – – ? [5]
E. faecalis ATCC 11700 + + + + [30,31]
B. cereus 148 T + + + + [12]
P. aeruginosa PAO1 + – + + [23,24]
.
Fig 3. Production of putrescine from agmatine
deamination by resting cells of Lb. hilgardii X1B,
Lb. sakei 23K, E. faecalis ATCC 11700, B. cereus
ATCC 14579, P. aeruginosa PAO1 and Pediococcus
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Genetic organization of the agmatine deimi-
nase gene clusters. Sequence analysis up- and down-
stream from the agmatine deiminase gene of Lb. hilgardii
ATCC 8290, E. faecalis V583, S. mutans UA159, Lb. sakei
23K, Lb. brevis ATCC 367, Pd. pentosaceus ATCC 25745
and P. aeruginosa PAO1 revealed the presence of agmatine
deiminase and a transcriptional regulator in all the microor-
ganisms studied (Fig. 4). Gram-positive microorganisms
shown in Fig. 4 harbour a carbamate kinase and a putrescine
carbamoyltransferase, while N-carbamoylputrescine amido-
hydrolase is present in P. aeruginosa PAO1. The Lb. hilgar-
dii ATCC 8290 AgDI gene cluster contains a second putative
agmatine deiminase (aguA2), both agmatine deiminases of
Lb. hilgardii ATCC 8290 show a similarity of 57.5% and
47.4% for amino acid and nucleotide sequences, respectively.
The Lb. hilgardii ATCC 8290 AgDI gene cluster contains a
two-component system (TCS) upstream and transcribed sepa-
rately the agmatine deiminase gene cluster. The TCS showed
high similarity with the TCS involved in citrate/malate metab-
olism of Clostridium carboxidovorans P7.
Streptococcus mutans UA159 and E. faecalis V583 con-
tain the gene of a transcriptional regulator of the LysR family
located upstream and transcribed separately. While Lb. sakei
23K, Lb. brevis ATCC 367, Pd. pentosaceus ATCC 25745,
and Lb. hilgardii ATCC 8290 have a gene-encoding transcrip-
tional regulator of the RpiR family downstream of the cluster
and in the same transcription direction. Pseudomonas aerugi-
nosa PAO1 contains the gene of a transcriptional regulator of the
TetR family located downstream of the cluster. Moreover,
Lb. sakei 23K also contains a putative peptidil arginine deimi-
nase and a putative antiporter amino acid/polyamine.
Evolutionary relationships between bacterial
aguA and ptcA/aguB. Phylogenetic trees were con-
structed to establish the evolutionary relationships between
the genes responsible for agmatine transformation into
SYNTHESIS OF PUTRESCINE
Fig 4. Analyses of sequences up- and downstream from the agmatine deiminase gene of Lb. hilgardii ATCC8290 (NZ ACGP00000000), E. faecalis V583
(NC 004668), S. mutans UA159 (NC 004350), Lb. sakei 23K (NC 007576), Lb. brevis ATCC 367 (NC 008997.1), Pd. pentosaceus ATCC 25745
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putrescine. The phylogenetic analyses confirmed the exis-
tance of a unique gene that conversts agmantine into N-car-
bamoylputrescine in bacteria. Figure 5 shows the agman-
tine deiminase gene is the same from gram-positive and
gram-negative bacteria. The figure demonstrates that both
aguA (HMPREF0519, 1327) and aguA2 (HMPREF0519,
1329) from L. hilgardii ATCC 8290 are agmatine deimi-
nase genes. 
However, we confirmed the existence of two families of
genes that convert N-carbamoylputrescine into putrescine,
these gene are N-carbamoylputrescine amidohydrolase (aguB)
and putrescine carbamoyltransferase (ptcA), proposed on the
basis of phylogenetic studies. Figure 6 shows how aguB and
ptcA genes are different. Gram-positive bacteria harbour ptcA,
while gram-negative bacteria hold aguB; this correlation has
also been found in Microbes Online [http://www.
microbesonline.org]. These results suggest that aguA evolved
together in gram-positive and gram-negative bacteria, whereas
ptcA and aguB clearly evolved separately in each type of
microorganism.
Discussion
In general, it is assumed that biogenic amines present in food
are produced by microbial decarboxylation of amino acids
[7,13–15]. However, one of the main contamination-associ-
ated biogenic amines, putrescine, and the polyamines sper-
mine and spermidine, can be formed also through another
pathway involving the deamination of agmatine [20]. The
ornithine decarboxylase gene (odc) is the responsible for
putrescine production from ornithine, and it has been
sequenced from different microorganisms such as
Oenococcus oeni, Lactobacillus 30a, Vibrio cholerae,
Escherichia coli, Yersinia pestis, P. aeruginosa, P. putida (see
sequences published in GenBank). PCR-based detection of
microorganisms capable of producing putrescine from
ornithine is also reported in the literature [22]. 
Putrescine production was studied in a pathway that
involves the deamination of agmatine. Both aguA and ptcA









Fig 5. Maximum likelihood trees based on aguA gene sequences. Bootstrap values (1000 replications) above 50% are shown. Filled and open circles respec-
tively indicate nodes recovered reproducibly by neighbour-joining and maximum likelihood. Bar, substitutions per nucleotide position. Sequences of aguA
from: Listeria monocytogenes EGD-e (NC_003210.1),  Lactococcus lactis subsp. lactis KF147 (NC_013656.1),  E. faecalis V583 (NC_004668.1), S. mutans
UA159 (NC_004350.1), Yersinia pseudotuberculosis YPIII (NC_010465.1), Bacillus cereus ATCC 14579 (NC_004722.1), P. aeruginosa PAO1
(NC_002516.2), Lb. salivarius UCC118 (NC_007929.1), Lb. sakei subsp. sakei 23K (NC_007576.1), Lb. brevis ATCC 367 (NC_008497.1), Serratia
proteamaculans 568 (NC_009832.1),  Lb. hilgardii ATCC 8290, (ZP_03953667) were accessible from GenBank.
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reus ATCC 14579 and Lb. hilgardii X1B and produced
putrescine from agmatine. Only aguA could be amplified in
Lb. sakei 23K and this organism was unable to produce
putrescine. A putative agmatine deiminase protein was found
in Lb. sakei 23K in the locus Q8RPX2 [5]. In this paper, we
have reported that Lb. sakei 23K is unable to produce
putrescine from agmatine. Moreover, Lb. sakei 23K did not
show an amplification band of the ptcA fragment, although a
putative putrescine carbamoyltransferase is present in the
agmatine deiminase operon [5]. On the other hand, this micro-
organism can utilize arginine via the arginine deiminase path-
way [37]. We suggest that the putrescine carbamoyltransferase
from Lb. sakei 23K has lost this function, because Lb. sakei
23K was unable to produce putrescine from agmatine.
The aguA gene was amplified in P. aeruginosa PAO1,
which produces putrescine from agmatine; however, ptcA
could not be amplified. Although the presence of aguB in P.
aeruginosa has been reported [23], aguB and ptcA are clear-
ly different genes coding for different activities: N-car-
bamoylputrescine amidohydrolase for aguB and putrescine
carbamoyltransferase for ptcA.
Lactobacillus hilgardii X1B, E. faecalis ATCC 11700,
B. cereus ATCC 14579, P. aeruginosa PAO1 and Lb. sakei
23K harbour the agmatine deiminase gene (aguA) (Fig. 5): all
microorganisms have the same PCR-amplifiable gene.
However, as P. aeruginosa PAO1 has aguB but not ptcA (Fig. 6),
thus we could not amplify ptcA with the ptcA-F and ptcA-R
primers. In the case of Lb. hilgardii X1B, we have demon-
strated that this organism produces putrescine from agmatine
via AgDI, via carbamoylputrescine as intermediary [3]. 
Landete et al. [16] demonstrated different species-
dependent behaviours. Pseudomonas aeruginosa PAO1
showed a different response to gram-positive bacteria when
succinate, spermine, spermidine, histamine, tyramine and
sugars on agmatine deamination were tested. Arginine and
agmatine influence inhibition and stimulation of pathway
agmatine deamination in P. aeruginosa PAO1 to a lower
extent than in the other species. Nevertheless, this microor-
ganism produced more putrescine than the other bacteria.
Although the effects of spermine, spermidine and succinic
acid were different for Lb. hilgardii X1B, E. faecalis ATCC










Fig. 6. Maximum likelihood trees based on aguB and ptcA gene sequences. Bootstrap values (1000 replications) above 50% are shown. Filled and open cir-
cles respectively indicate nodes recovered reproducibly by neighbour-joining and maximum likelihood. Bar, substitutions per nucleotide position. Sequences
of aguB and ptcA from:  P. aeruginosa PAO1 (NC_002516.2), Pectobacterium carotovorum subsp. carotovorum PC1 (NC_012917.1), Listeria monocyto-
genes EGD-e (NC_003210.1), Lb. brevis ATCC 367 (NC_008497.1), E. faecalis V583 (NC_004668.1), Lc. lactis subsp. lactis Il1403 (NC_002662.1),
S. mutans UA159, (NC_004350.1), P. pentosaceus ATCC 25745 (NC_008525.1), Lb. sakei subsp. sakei 23K (NC_007576.1),  Streptococcus ratti FA-1
(EF104920.1), Lb. hilgardii ATCC 8290 (ZP_03953664) were accessible from GenBank.
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response was obtained for each product in each microorgan-
ism. This could mean that a general mechanism regulates
putrescine synthesis in these three microorganisms.
Therefore, the control of putrescine production in the
AgDI pathways appears to be similar between microorgan-
isms that are more closely related phylogenetically, and dif-
fer in microorganisms with a more distant relationship, like
P. aeruginosa. These data suggest that there should be a dif-
ferent regulation mechanism for P. aeruginosa and the other
microorganisms studied. The enzyme that converted N-car-
bamoylputrescine to putrescine (the aguB or ptcA product)
was a different enzyme to P. aeruginosa PAO1 and the other
microorganisms studied here; moreover, the agmatine deimi-
nase gene cluster of P. aeruginosa PAO1 differs from other
microorganisms (Fig. 4). 
Phylogenetic trees were constructed to ascertain the evo-
lutionary relationships between these genes. Two clearly sep-
arate clusters can be observed in Fig. 6, suggesting that the P.
aeruginosa PAO1 aguB gene evolved separately from the
other ptcA genes analysed. Therefore, we confirmed the exis-
tence of two families of enzymes that convert N-carba-
moylputrescine into putrescine. These enzymes are N-car-
bamoylputrescine amidohydrolase (the aguB product) and
putrescine carbamoyltransferase (ptcA), proposed on the
basis of phylogenetic studies. This has also been found on
MicrobesOnline (data not shown). Thus, it would now seem
that a significant number of sequences annotated as ornithine
carbamoyltransferase (OTCases) or N-carbamoylputrescine
amidohydrolase (aguB) in the past are in fact putrescine car-
bamoyltransferase (ptcA). The reannotation of this clade of
the OTCase sequence as PTCases was confirmed by a com-
parative neighbourhood study of their encoding genes in
fully sequenced and published genomes (E. faecalis, Lb. hil-
gardii, Lb. sakei, Lc. lactis, S. mutans and L. monocytogenes)
[26, and this paper]. These genes successively encode a tran-
scriptional regulator, the reannotated PTCase, an amino acid
permease (probably antiporter), and finally the carbamate
kinase. When the agmatine deiminase gene cluster has been
analysed in other genomes, such as Pd. pentosaceus and
Lb. brevis, the same gene order has been found [21]. 
Applebaum et al. [2] observed how putrescine plays a
role in regulating intracellular pH in E. coli. The AgDS yields
ammonia, CO2 and ATP while converting agmatine to
putrescine, and it has been proposed to increase acid-resist-
ance properties of S. mutans [10]. More recently, Lucas et al.
[21] demonstrated that the agmatine deiminase cluster of Lb.
brevis 9809 belongs to a genomic region providing acid
resistance. Liu and Burne [19] showed how three two-com-
ponent systems influence AgDS gene expression in response
to acidic stress. These works have demonstrated that the
AgDS plays a role in acid stress resistance. Moreover, the
analyses of the genomic region in Lb. hilgardii ATCC 8290
demonstrated the presence of a TCS (Fig. 4), which might be
involved in acid-stress resistance. The aguR (SMU.261.c)
gene of S. mutans, which encodes a trans-acting factor
required for efficient AgDS expression [19], is a putative
LuxR-like transcriptional regulator belonging to the FixJ-
NarL superfamily; SMU.261.c is required for S. mutans
AgDS induction by low pH and agmatine [19]. Transcrip-
tional regulators analogous to SMU.261c were found in the
agmatine deiminase gene clusters of other microorganisms,
as shown in Fig. 4.
In this paper, we have demonstrated that PCR is a useful
and rapid method to identify the presence of bacteria able to
form putrescine. We have developed the first method—as far
as we know—able to detect the aguA and ptcA genes respon-
sible for putrescine production from agmatine. 
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